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,+$! (Grynkiewicz et al., 1985; Miyawaki et al., 1997; Dean and Palmer, 




A)(A (Chronis et al., 2007; Liu and Lu, 2016; Hiraiwa et al., 2018, 2019)
?,/ÊˣªŇȳƛǽ,>@ɀɟɝɴ.ɽŁ=ƟÞ_Oi|e_\~.Śƙȕ
ųĺí+*.ßȔEǈɈ˶ȳ,Þƀ(A>,+$'! (Nagel et al., 2003; Boyden 
et al., 2005; Kim et al., 2017)B?.ßȔƞʏ)Ê[hĪ̗Ɓ˳ (Huisken et al., 
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Suzuki et al., 2015, 2018) (	AÞƀȦʴ,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ɀɟɝɴ.ƇɐȟƊǅ?,B''
A (Marmarelis and Naka, 1972; Dayan and 
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A (Elowitz et al., 
2002; Eldar and Elowitz, 2010; Tsimring, 2014).>+ĩƊ/ʉäɯƊ.ġ(
	A!;ôȰØ˭,
'<ˬʘ+Ĝ̖(	A (Hinohara and Polyak, 2019)8!Ʊ
?/̆̎)'[Tjª˜+*E˺ōA"(/+˒,ƑųE̠;A)<	
@B/ȽȣÏ̢)'ȹ?B'
A (Wiesenfeld and Moss, 1995; Gammaitoni et al., 
1998; Anderson et al., 2000) (Ĥ 1.2).>+mJ^(.ƍıª˜EȦʠA!;.





(Shannon, 1948) BEȨȞ,A[Tjª˜,ˠȪBAȻɇ	A (Rieke 
et al., 1997; Bialek, 2012; Uda et al., 2013; Uda and Kuroda, 2016)B?.Ȼɇ(/
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A (Jarzynski, 1997; Sagawa and Ueda, 2010; Sekimoto, 2010; 
Toyabe et al., 2010; Seifert, 2012; Ito and Sagawa, 2013; Parrondo et al., 2015).>
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A (Nakatani et 
al., 1991; Menini, 1999; Hohmann, 2002; Hazelbauer et al., 2008; Tu et al., 2008; Lan et 
al., 2012; Shidara et al., 2017)mJ^,AƍıÖȦEŉˮȳ,ȦʠA!;,Ʊ
?ɘ.ȜçŇ  (stochastic thermodynamics) ,>AHtdƮěB'
A 
(Sartori and Tu, 2011; Lan et al., 2012; Sartori et al., 2014; Ito and Sagawa, 2015; Ito, 
2018)Ʊ?ɘ.ȜçŇ)/Brown˙í,£ʑBA>+mJ^,>AŻ̏șʛ
(+
>+ɘ,AȜçŇ(	A (Jarzynski, 1997; Crooks, 2007; Sekimoto, 




A (Sagawa and Ueda, 2008, 2010; Ito and Sagawa, 2013; Parrondo et al., 
2015)ȟ,Ƒʜ̑Ƈ.}g)'ľɸʆ (Escherichia coli) .ˁñƊ}g/ʁ
ʱ5?B'@ (Hazelbauer et al., 2008; Micali and Endres, 2016; Bi and Sourjik, 2018)
ȜçŇȳ+W]h).˷ºǅ?,B (Lan et al., 2012; Sartori et al., 2014; Ito and 
Sagawa, 2015)Ƒʜ̑Ƈ.˚ɅȜçŇȳ,ìȣȳ(	A)D$'!ľɸʆ.
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ǅ?,+$! (Ito, 2018)8!ʀȳ+ Langevin ǀɅŶ,
'<ƍıű°Ňȳ
+HtdŖÌB'














Ĥ 2.1 ľɸʆˁñƊ}g.ǬŶĤ 
(A) ļ˦PißȔ/MCPąŏ¯,ɠčCheAQj`.ɻŧ˩ñEƟ
ÞACheA.˩ñ/ľɸʆ.â˘ʎíEƟÞA!;CheA.ƟÞ,>$














!˗Ɋɨź LangevinǀɅŶ (Tu et al., 2008; Sartori and Tu, 2011; Ito and Sagawa, 
2015) EȪ
! (Ĥ 2.1B)Ñ¯ȳ,/ d"($)d$ = − 1)* +"($) − "($),,,,,,- + /*($)        	             = − 1)* ["($) − 2	3($) + 4	5($)] + /*($)        						    (2.1) d3($)d$ = − 1)9 "($) + /9($) 																				                (2.2)	
(	?DB"($) Qj`.ǿƊ3($) ąŏ¯.|dñu5($) ļȮ.
PiŸų"($),,,,,, ̑ƇŽ.ŉŬȠƒǈ. "($) .ǿƊuE	?D/*($) >1 /9($) /ȡɊȲʂ GaussmJ^E	?DŸų/B B 2:* ) 2:9 (	A.}
g/ɗʛñɨź}g(/	AŊ̟).ŔƇ˷º(,ȽʬB'
A (Tu et al., 
2008)8!ŉƻ/ÉʎȻɇ(ǻŉB!ÂEȪ
'@B B )* = 0.02)9 = 0.22 = 2.7:* = :9 = 0.005(	A (Tu et al., 2008; Tostevin and ten Wolde, 2009; Lan et al., 






'ŖÌAƁŗ˅̇. 2  d>?Ȝ
çŇȳW]hĺñ @ >1ɡʢȳ˴ ℒ /Python (version 3.6.1) .numpyJs 
(version 1.12.1) EȪ
'ƻÂʢɑ!B?.ʢɑ,/ "($) >1 3($) .ȽȣØŪ B(",3) Ƅʘ)+AÜǑØŪ GaussØŪ.Ĳčɨź LangevinǀɅŶ(/.Ž<
Gauss ØŪ,ž!;ŮĩÂ)ÏØƺ.9?ȽȣØŪEǺ;A)( (Van 
Kampen, 2007)B/ǰ.>+ Fokker-PlanckǀɅŶ,ž DB(",3)D$ = 1)* B(",3) + 1)* ["($) − 2	3($) + 4	5($)] DB(",3)D"($)  + 1)9 "($) DB(",3)D3($) + :* D?B(",3)D"($)? + :9 D?B(",3)D3($)?    (2.3) 
Ůĩ)ÏØƺ.Ɓŗǈ˶,Aĺñ/ɨź LangevinǀɅŶ(%GaussmJ^.Ĳ




1)* − 2)*1)9 0 ⎠⎞L + 	L⎠⎞Δ$    		              (2.4)	
ΔΣ = ⎝⎜
⎛−⎝⎛
1)* − 2)*1)9 0 ⎠⎞Σ − 	Σ⎝⎛
1)* − 2)*1)9 0 ⎠⎞
P + 2 Q:* 00 :9R⎠⎟
⎞Δ$ + 	T(Δ$?)  (2.5)	
(T/ʎÛ.ˊɪΣ / "($) ) 3($) .ÏØƺʎÛL /"($) ) 3($) .ŮĩE
	?DB?EȪ
'NJǽ (∆$ = 0.0001) ,>$'ƻÂʢɑ!8!ÜǑØ
Ū/PiŸų 5($) = 0.Ĳč.ŮʐȠƒEȪ
!d>? / Fisherƍıˮ W(X) >1
Kullback-Leibler ƍıˮ YZ[  ?ʢɑ(AB?/ Gauss ØŪ.Ĳč/Ůĩ)Ï
Øƺ?ǰ.>,ʢɑ(A (Nielsen and Garcia, 2009; Amari, 2016) W(X) = ΔLPΣ\]ΔL + 12 tr[Σ\]ΔΣΣ\]dΣ]                   (2.6)	YZ[(B(",3; 	X)||B(",3; 	X + ΔX)                      		 = log |Σ + ΔΣ||Σ| + tr((Σ + ΔΣ)\]Σ) + ΔLP(Σ + ΔΣ)\]ΔL − dimhB(", 3)i 	  (2.7) 
(tr/h]dim	(∙) /uSh.ǰÈE	?D5'.ʢɑ,
'ß









$'ƑąBA)Qj`.˩ñEƟÞA (Hazelbauer et al., 2008; Micali and 
Endres, 2016; Bi and Sourjik, 2018) (Ĥ 2.1)ÉʎȻɇ,
'.̑Ƈ/ɨź Langevin
ǀɅŶ,>$'ʑȥB'
A (Tu et al., 2008; Sartori and Tu, 2011; Ito and Sagawa, 
2015).}g/ɗʛñ}g(	@ȜçŇȳ+ʠǙ(A6*ɕɚ+}g(/
	AŊ̟ɠǚE>ăǇ'





?D)(A"($) >1 3($) /ÜǑØŪ Gauss ØŪ.Ĳč, Gauss ØŪ,
ž$'ǈ˶ĺíA.>+}g,Ŕ'ƍıű°ŇEˠȪAƍıű°Ň,
>@̩%.ȽȣØŪ˶.Ɓŗ˅̇EȌŉA)(A (Amari, 2016)ȟ,Gauss
ØŪ,£ʑBAƦƻØŪǁ l(m; 	X) ) l(m; 	X + dX).Ɓŗ˅̇ d> / d> = 2YZ[(l(m; 	X)||l(m; 	X + dX)    		         (2.8)	=opq,rdXqdXr                     (2.9) 
(	?DBA( X /ØŪEʑp|b(	@W(X) = (pq,r) (	AÉ,ː
5!>,"($) >1 3($) .ÜǑØŪE GaussØŪ(	A)¦ŉA)(B?
?ȽȣØŪ˶.Ɓŗ˅̇EʢɑA)(A 
ÉʎȻɇ (Ito, 2018; Ito and Dechant, 2018) )ďǩ,Ɓŗ˅̇. 2 d>? E
ɭA) d>?d$? = Qd>d$R? = t√d>d$ v?    												             (2.10)	= t 12√d>? d>?d$ v?          		       (2.11) 
)+A8!(d>?/d$? = Σpq,rdXq/d$	dXr/d$ (	Aǰ,ÉʎȻɇ (Wootters, 
1981; Ito, 2018) )ďǩ,ǈà 0? ) 8(.ɡʢȳ˴ ℒ Eǰ.>,ŖÌA ℒ = xd> = x d>d$yz d$               (2.12) 
8!ȜçŇȳW]h @ / 
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A (Ito and Dechant, 2018)
Cauchy-Schwarz.ɏŶ (Crooks, 2007) ?ÉʎȻɇ (Ito, 2018; Ito and Dechant, 
2018) )̘¬!̑Ƈ.˕ų)ȜçŇȳW]h.˶,ǰ.˷º
A 
x d$yz x Qd>d$R?yz d$ ≥ tx d>d$yz d$v?             (2.14)	) ≥ ℒ?@        		      		  (2.15) 
ɏŶ/ d>?/d$? ǈ˶,·Ņ+
Ĳč,Ɨ@Ɋ%.ɏŶ/ "($) ) 3($) .ƭɄ




.ȜçŇȳW]hEƵƝƄʘ	A)EƏĕA8!̑Ƈ.ìȣ | E 
| = ℒ?)@        		 			        (2.16) 

















'/ 3%.ǳ˿9?B! (Ĥ 2.2E)Pi,Ƈɐ'
A





ǰ,Pi.ßȔŸųEĺ!)CȜçŇȳW]h @ >1ɡʢȳ˴ℒ /ĺñ!ìȣ | /ĺñ+$! (Ĥ 2.3)ǌŽ,PißȔ.mJ^Ÿų
Eĺñ! (Ĥ 2.4)ȵƑȳ,/mJ^ŗB0ìȣ/̠+AƻÂʢɑ.ɠǚ
<BEăǇ'
A+?ǌÜ.ǳ˿(/ìȣ | / :* = 0.005 .)>@
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Ĥ 2.2 ƻÂʢɑ,>AľɸʆˁñƊ}g>1ȜçŇȳp|b.ǈ˶ȱŜ 
(A) Qj`ǿƊ "($) >1ąŏ¯|dñu 3($) .ŮĩÂQj`ǿ
Ɗ˚ȳ,ȉŘ!Ž<).u8(Ƙ$'@̑ Ƈ'
Ad>?/d$? (B) 
>1ȜçŇȳW]h @ɡʢȳ˴ ℒ>1 ℒ?/@ (C) .ǈ˶ĺñ(D) ℒ?/@ 









Ĥ 2.3 ǩ+PißȔŸų,ŔAȜçŇȳp|b 

























A (Nakatani et al., 1991; Menini, 1999; Hohmann, 2002; Hazelbauer et al., 







A (Sartori and Tu, 





















A (Wiesenfeld and Moss, 1995; Gammaitoni et al., 1998; Anderson et 

































Amari S (2016) Information geometry and its applications. Springer. 
Anderson J, Lampl I, Gillespie D, Ferster D (2000) The contribution of noise to contrast 
invariance of orientation tuning in cat visual cortex. Science 290:1968–1972 Available 
at: http://www.sciencemag.org/cgi/doi/10.1126/science.290.5498.1968. 
Bi S, Sourjik V (2018) Stimulus sensing and signal processing in bacterial chemotaxis. Curr 
Opin Microbiol 45:22–29 Available at: 
https://linkinghub.elsevier.com/retrieve/pii/S1369527417302540. 
Chalasani SH, Chronis N, Tsunozaki M, Gray JM, Ramot D, Goodman MB, Bargmann CI 
(2007) Dissecting a circuit for olfactory behaviour in Caenorhabditis elegans. Nature 
450:63–70 Available at: http://www.nature.com/articles/nature06292. 
Chen I-W, Papagiakoumou E, Emiliani V (2018) Towards circuit optogenetics. Curr Opin 
Neurobiol 50:179–189 Available at: 
https://linkinghub.elsevier.com/retrieve/pii/S0959438817302477. 
Crooks GE (2007) Measuring thermodynamic length. Phys Rev Lett 99:100602 Available at: 
https://link.aps.org/doi/10.1103/PhysRevLett.99.100602. 
Gammaitoni L, Hänggi P, Jung P, Marchesoni F (1998) Stochastic resonance. Rev Mod Phys 
70:223–287 Available at: https://link.aps.org/doi/10.1103/RevModPhys.70.223. 
Gepner R, Mihovilovic Skanata M, Bernat NM, Kaplow M, Gershow M (2015) Computations 
underlying Drosophila photo-taxis, odor-taxis, and multi-sensory integration. Elife 4 
Available at: https://elifesciences.org/articles/06229. 
Gorur-Shandilya S, Demir M, Long J, Clark DA, Emonet T (2017) Olfactory receptor 
neurons use gain control and complementary kinetics to encode intermittent odorant 
stimuli. Elife 6 Available at: https://elifesciences.org/articles/27670. 
Hazelbauer GL, Falke JJ, Parkinson JS (2008) Bacterial chemoreceptors: high-performance 
signaling in networked arrays. Trends Biochem Sci 33:9–19 Available at: 
https://linkinghub.elsevier.com/retrieve/pii/S0968000407002903. 
Hohmann S (2002) Osmotic stress signaling and osmoadaptation in yeasts. Microbiol Mol 
Biol Rev 66:300–372 Available at: http://www.ncbi.nlm.nih.gov/pubmed/12040128. 
Ito S (2018) Stochastic thermodynamic interpretation of information geometry. Phys Rev 
Lett 121:030605 Available at: 
https://link.aps.org/doi/10.1103/PhysRevLett.121.030605. 
Ito S, Dechant A (2018) Stochastic time-evolution, information geometry and the 
Cramér-Rao bound. arXiv Available at: http://arxiv.org/abs/1810.06832. 
Ito S, Sagawa T (2013) Information thermodynamics on causal networks. Phys Rev Lett 
111:180603 Available at: https://link.aps.org/doi/10.1103/PhysRevLett.111.180603. 
28 
 
Ito S, Sagawa T (2015) Maxwell’s demon in biochemical signal transduction with feedback 
loop. Nat Commun 6:7498 Available at: http://www.nature.com/articles/ncomms8498. 
Jarzynski C (1997) Nonequilibrium equality for free energy differences. Phys Rev Lett 
78:2690–2693 Available at: https://link.aps.org/doi/10.1103/PhysRevLett.78.2690. 
Lan G, Sartori P, Neumann S, Sourjik V, Tu Y (2012) The energy–speed–accuracy trade-off 
in sensory adaptation. Nat Phys 8:422–428 Available at: 
http://www.nature.com/articles/nphys2276. 
McDonnell MD, Abbott D (2009) What is stochastic resonance? Definitions, misconceptions, 
debates, and its relevance to biology. PLoS Comput Biol 5:e1000348 Available at: 
https://dx.plos.org/10.1371/journal.pcbi.1000348. 
Menini A (1999) Calcium signalling and regulation in olfactory neurons. Curr Opin 
Neurobiol 9:419–426 Available at: 
https://linkinghub.elsevier.com/retrieve/pii/S0959438899800634. 
Micali G, Endres RG (2016) Bacterial chemotaxis: information processing, thermodynamics, 
and behavior. Curr Opin Microbiol 30:8–15 Available at: 
https://linkinghub.elsevier.com/retrieve/pii/S1369527415001721. 
Nakatani K, Tamura T, Yau KW (1991) Light adaptation in retinal rods of the rabbit and 
two other nonprimate mammals. J Gen Physiol 97:413–435 Available at: 
http://www.jgp.org/cgi/doi/10.1085/jgp.97.3.413. 
Nielsen F, Garcia V (2009) Statistical exponential families: a digest with flash cards. 
Available at: http://arxiv.org/abs/0911.4863. 
Parrondo JMR, Horowitz JM, Sagawa T (2015) Thermodynamics of information. Nat Phys 
11:131–139 Available at: http://www.nature.com/articles/nphys3230. 
Sagawa T, Ueda M (2008) Second law of thermodynamics with discrete quantum feedback 
control. Phys Rev Lett 100:080403 Available at: 
http://aip.scitation.org/doi/abs/10.1063/1.3131311. 
Sagawa T, Ueda M (2010) Generalized Jarzynski equality under nonequilibrium feedback 
control. Phys Rev Lett 104:090602 Available at: 
https://link.aps.org/doi/10.1103/PhysRevLett.104.090602. 
Sartori P, Granger L, Lee CF, Horowitz JM (2014) Thermodynamic costs of information 
processing in sensory adaptation. PLoS Comput Biol 10:e1003974 Available at: 
https://dx.plos.org/10.1371/journal.pcbi.1003974. 
Sartori P, Tu Y (2011) Noise filtering strategies in adaptive biochemical signaling networks. 
J Stat Phys 142:1206–1217 Available at: 
http://link.springer.com/10.1007/s10955-011-0169-z. 
Seifert U (2012) Stochastic thermodynamics, fluctuation theorems and molecular machines. 
29 
 
Rep Prog Phys 75:126001 Available at: 
http://stacks.iop.org/0034-4885/75/i=12/a=126001?key=crossref.a937f55c8fce34738763
63a3edb3c282. 
Sekimoto K (2010) Stochastic energetics. Berlin, Heidelberg: Springer Berlin Heidelberg. 
Available at: http://link.springer.com/10.1007/978-3-642-05411-2. 
Shidara H, Hotta K, Oka K (2017) Compartmentalized cGMP responses of olfactory sensory 
neurons in Caenorhabditis elegans. J Neurosci 37:3753–3763 Available at: 
http://www.jneurosci.org/lookup/doi/10.1523/JNEUROSCI.2628-16.2017. 
Stocks NG (2000) Suprathreshold stochastic resonance in multilevel threshold systems. 
Phys Rev Lett 84:2310–2313 Available at: 
https://link.aps.org/doi/10.1103/PhysRevLett.84.2310. 
Tostevin F, ten Wolde PR (2009) Mutual information between input and output trajectories 
of biochemical networks. Phys Rev Lett 102:218101 Available at: 
https://link.aps.org/doi/10.1103/PhysRevLett.102.218101. 
Tu Y, Shimizu TS, Berg HC (2008) Modeling the chemotactic response of Escherichia coli to 
time-varying stimuli. Proc Natl Acad Sci USA 105:14855–14860 Available at: 
http://www.pnas.org/cgi/doi/10.1073/pnas.0807569105. 
Tutu H (2011) Frequency adaptation in controlled stochastic resonance utilizing delayed 
feedback method: Two-pole approximation for response function. Phys Rev E 
83:061106 Available at: https://link.aps.org/doi/10.1103/PhysRevE.83.061106. 
Van Kampen NG (2007) Stochastic processes in physics and chemistry, 3rd ed. North 
Holland. 
Wiesenfeld K, Moss F (1995) Stochastic resonance and the benefits of noise: from ice ages to 
crayfish and SQUIDs. Nature 373:33–36 Available at: 
http://www.nature.com/articles/373033a0. 
Wootters WK (1981) Statistical distance and Hilbert space. Phys Rev D 23:357–362 












mJ^.ŸųEĺ.ǈ.ƇɐEȌŉA)(ȦʠB'! (Faisal et al., 2008; 







A (Augustine et al., 
2003; Frick et al., 2004; Losonczy et al., 2008; Destexhe, 2011; Cichon and Gan, 2015; 








 (Ogawa and Oka, 2015; Prešern et al., 
2015; Stuart and Spruston, 2015) 
ɨʋ Caenorhabditis elegans /ɀɟɝɴƻ 302¿)̌Ŭ,Ř+.ʠãŇ
ȳ+Ƭɣ<ǅ?,+$'@ (White et al., 1986)8!.˓ǅ?ʌÊJ|\
T).ȶƊʁ
 (Kerr and Schafer, 2006) !;șßȔȠƒ,Aɀɟª˜ȞʿÌç
)ɀɟǿí.˷ºEʱ5A.,ˠ'
Aȟ, Ĩɀɟɝɴ.%(	AAIY /Ğ
ʜĕʜȋų+*.ǩ+ƍıEƑʜɀɟɝɴ?ąĄ@  (Clark et al., 2006; 
Chalasani et al., 2007; Kuhara et al., 2011; Satoh et al., 2014).ƍıEÖȦʎí
EÞƀ'
A)ȹ?B'




ɀɟɝɴR~etɠčEźƗA (White et al., 1986) (Ĥ 3.1A)8!Ƒʜɀɟɝɴ/
ƑʜÌç,Ŕ'ǻŉʴȳ+ƇɐEȾ (Clark et al., 2006; Chalasani et al., 2007; Kato 
et al., 2014; Tsukada et al., 2016) .,ŔAIY/ļ˦ßȔ+'<ƺȱȳ+ Ca2+Ƈ
ɐEȾ (Clark et al., 2006; Chalasani et al., 2007)Tbz˩ąŏ¯ǯƲĺȯ¯EȪ

!Ŋ̟>1Ƒʜɀɟɝɴ.ȼĸŊ̟,>$'ļ˦ßȔ,ŔA AIY. Ca2+Ƈɐ9




























.ɠǚ/șßȔȠƒ. in vivo ɘ,
'Ì×ç˷ºEʠǅ!/;'.µ(	A
Tbz˩Ìç/Ƒʜɀɟɝɴ?×çB'@8!AIY. Ca2+Ƈɐ/ʎí)ȶ







ɨʋ/ľɸʆ Escherichia coli OP 50ǝĴŪB! NGM (nematode growth 
medium) HP( 20°C (̙ɲ! (Brenner, 1974)5'.Ŋ̟,/̅̂ď¯EȪ

!8!ˣ ªńƶĺǝ/˭Ȩǝ N2>1 RB594 glc-3 (ok321) Vĺȯ¯MT6308 eat-4 
(ky5) IIIĺȯ¯,Ŕ't]zi DNAEyJSJ\LS[,>$'²ʔ!
N\j.ǝ,%
'/ Caenorhabditis Genetics Center (CGC) ?Ąſ!Ŋ̟
,´Ȫ!ˣªńƶĺǝ/ǰ.)@(	A: okaEx5[pttx-3::iGluSnFR, 50 ng/µL + 
pttx-3::R-GECO1, 50 ng/µL]okaEx6[pttx-3::ArcLight, 50 ng/µL + pttx-3::R-GECO1, 50 
ng/µL]okaEx10[pttx-3::GCaMP6, 50 ng/µL + pttx-3::dimer2, 50 ng/µL]okaEx15; glc-3 
(ok321) X [pttx-3::iGluSnFR, 50 ng/µL + pttx-3::R-GECO1, 40 ng/µL + punc-122::dsRed, 
15 ng/µL]okaEx16; eat-4 (ky5) X [pttx-3::iGluSnFR, 50 ng/µL + pttx-3::R-GECO1, 40 
ng/µL + punc-122::dsRed 15 ng/µL] 
 
3.2.2 &#&x$ DNA 
bpSʿĪɺ̉­_YArcLight EȱȥA!;,C. elegans Codon 
Adapter (Redemann et al., 2011) EȪ
'ɨʋȪ,WiǌˠñE+
ÍčƗ
! (Integrated DNA Technologies Genes)Wiǌˠñ! ArcLight/ GatewaygI
]fIl[uSb (Thermo Fisher Scientific) ,ɞ9ˎF".¡.ȱȥb
pSʿȪ.GatewaygI]fIl[uSb)ɀɟȟȯȳȱȥ.!;.t}b







ɀɟɝɴ.Ǩ˖EȽʬA!;.ÏγȘȭÇ (Ĥ 3.1A3.2A) /ÁɊĪ̗Ɓ˳ 
(IX81, Olympus) ,)@%!ÏγȘZ̗Ɓ˳[]f{  (FluoView FV1000, 
Olympus)>1 40ÀǼȃ^ (UPLFLN 40XO, Olympus) EȪ
'ƴŻ!ɨʋ/
20 mM .H\ñjhK{ȑȅ,ȃ!Ž1%.®ʍȘHP]V (UltraPure, 
Invitrogen) (ĥŉ!ArcLight>1 iGluSnFR,%




'/ 559 nm(ë˂570–670 nmEǤ×! 
 
3.2.4 Ca2+%&¤©1!'& 
Ca2+ƑąƊˀʂʌÊbpSʿ R-GECO1 (Zhao et al., 2011)Ca2+ƑąƊɦʂb
pSʿ G-CaMP6 (Ohkura et al., 2012) >1 dimer 2 (Campbell et al., 2002) (rG
]ȪRFP)Tbz˩ƑąƊɦʂʌÊbpSʿ iGluSnFR (Marvin et al., 2013)
ɺ̉­ƑąƊɦʂʌÊbpSʿArcLight (Jin et al., 2012) .ɨʋɀɟɝɴ?.ƇɐE




Aɨʋ4.ßȔ,/S-basaloerG) S-basaloerG(ū˪! IAAȑȅ (9.2 × 
10-4 mol/L) EȪ
!Ca2+)Tbz˩.ďǈJ|\T(/ɨʋE 60Ƀ˶ S-basal







z˩J|\T(/Ąſ>1̊Ê˶̀/ 100 msCa2+)ɺ̉­J|\T(/ 20 
ms(ƴŻE!ƴŻ,/ÁɊĪ̗Ɓ˳ (IX71, Olympus) E 'LEDÊȎ (SOLA, 
Lumencor) >1 3CCDO| (C7800-20, Hamamatsu Photonics) EȪ
!ȭÇ.Ą
ſ,/ AQUACOSMOS (Hamamatsu Photonics) EȪ
20À^ (UCPLFLN 20X, 







Wąŏ¯.HXk]h(	A levamisole (2 mM) EȪ
!levamisole/ AIY. Ca2+
Ƈɐ.̕ų,/Ż̏E+






! (Shidara et al., 2017)˷ƃ̓ĭ/ʌÊŸų)ɝɴ.źƒȳȟƂ












ŔƇ.	A t-test>1Welch. t-test,/ Excel 2011. TTEST˷ƻPearsonȶ˷º
ƻ,/ Python 3 (version 3.7.0) . SciPyJs (version 1.1.0) . stats.pearsonr˷
ƻFisher.ǱȽȽȣǤŉ,/ R (version 3.4.3) . fisher.test˷ƻWilcoxon.ɍĊ̑
­Ǥŉ>1Wilcoxon.̑­ėǤŉ,/B B R (version 3.4.3) . coinpeU\.














Ĥ 3.2C (Ť) /ï





ßȔǕ§EâǑ (early odor) >1ŽǑ (later odor) ,
Ø!âǑ/ï
ȇéŽ 10Ƀ˶(ŽǑ/ȇéŽ 10Ƀ? 60Ƀ(	A (Ĥ 3.3B)ï









pre) /Ĥ 3.3C.−3Ƀ?−2Ƀ.ŮĩÂCa2+Ƈɐ (Ĥ 3.3Donset) /−0.5Ƀ?+0.5
Ƀ.ŮĩÂ(	AĤ 3.3E3.3F.Tbz˩ȉŘˮ/Ĥ 3.3D. Ca2+Ƈɐâ.Â?
Ƈɐ.ÂEŷ




Ƈɐ/ǈà 0 ( 0 ,+A>,Ʉí!Ĥ 3.4B .Ƈɐâ (pre) )Ƈɐ (onset) /Ĥ
35 
 
3.3D )ďǩ,ʢɑ!Ĥ 3.4C3.4D .c{ˢƠgb/ʣ.>,Ąſ!
Ĥ 3.4D. Ca2+Ǆˮ/Ĥ 3.4B.Ƈɐ.Â?Ƈɐâ.ÂEŷ)(ɑ×! 
Ĥ 3.5B .Tbz˩Ìç.ŮĩÂ/Ĥ 3.2C )ďǩ,ʢɑ!Ĥ 3.5C–3.5E
/Ĥ 3.3C3.3D>1Ĥ 3.3F)ďǩ,ʢɑ! 
Ĥ 3.6B .Tbz˩Ìç.ŮĩÂ/Ĥ 3.2C )ďǩ,ʢɑ!ï
,ŔA
Ca2+Ƈɐȣ (Ĥ 3.6C) /ï
ȇéŽ 10Ƀ˶(.Ƈɐ.ǎș?ɑ×!Ĥ 3.6D. Ca2+
Ƈɐ̕ų/ï
ȇéŽ10Ƀ? 60Ƀ.˶.Ca2+ƇɐƻEƻA)(ʢɑ!Ĥ3.5C–
3.5E/Ĥ 3.3C3.3D>1Ĥ 3.3F)ďǩ,ʢɑ! 
 
3.2.7 Ca2+V%&¤7>pR'\; 












Ca2+Ƈɐƻ/ȴʛ(Ȍŉ!Ĥ 3.7B (/ 70 Ƀ? 120 ɃĤ 3.7C (/ 60 Ƀ? 70
Ƀ. Ca2+ƇɐƻEʢȌ! 
 
3.2.8 $& £[' 
Ĥ 3.4C3.4D (Ȫ
!c{ˢƠgb/ Python . NumPy Js 













!ƺȱȳ+ Ca2+Ƈɐ (Ca2+ spike) EȾ)ȹ?B'
A(Clark et al., 2006; 
Chalasani et al., 2007)ɨʋɀɟɝɴ,/ɺ̉­·ŅƊ Na+d~l+
)?
Ca2+ɺ̉­ĺñ.ýġ(	A)ɭ?B'
A (Goodman et al., 1998; Faumont et 
al., 2006, 2011; Mellem et al., 2008; Gao and Zhen, 2011; Shidara et al., 2013)ˏůƑ
ʜɀɟɝɴ,
']pJSǩɺ̉­ĺñ,/̉­·ŅƊ Ca2+d~lƄʘ(	A
)ȾB! (Liu et al., 2018; Shindou et al., 2019) )?<B/ƵƥBAAIY




 (Liu et al., 2009, 2018; Shidara et al., 2013)(ɺ̉­ƑąƊɦʂ
ʌÊbpSʿ(	A ArcLight (Jin et al., 2012) >1 Ca2+ƑąƊˀʂʌÊbpSʿ
R-GECO (Zhao et al., 2011) EȪ
'ďǈʌÊJ|\TE+$! (Ĥ 3.1A)Éʎ
Ȼɇ,
'ƎB! (Faumont et al., 2012) >,Ca2+Ƈɐ)̘¬!]pJSǩ
ɺ̉­ĺñʞőB (Ĥ 3.1B).bJzT/ Ca2+Ƈɐ)67ďǈ"$!8!É


















A (Clark et al., 2006; Chalasani 
et al., 2007)Tbz˩/ĕʜĞʜȋųƑʜɀɟɝɴ?ąĄ$'@ (White et 







?BAAIY /ƟÞƊ.Tbz˩ÌçETbz˩²íƊ Cl-d~l GLC-3 E
 'ąĄ@ GLC-3 (Horoszok et al., 2001; Clark et al., 2006; Serrano-Saiz et al., 
2013)ï
ßȔ,>@ƑʜɀɟɝɴTbz˩Ʒ×EȉŘA)( AIY / Ca2+








Sʿ iGluSnFR (Marvin et al., 2013) )Ca2+ƑąƊˀʂʌÊbpSʿR-GECO (Zhao et 











(Chalasani et al., 2007; Shidara et al., 2017)ǀCa2+Ƈɐ/ÉʎȻɇ.ıē*@ 


















ßȔŽǑ (later odor) . 3Ǖ§















;,Tbz˩ÌçȉŘâŽ. Ca2+ƇɐEĄſ! (Ĥ 3.4).ɠǚï
.ǎș









A (Horoszok et al., 2001; Chalasani et al., 2007; Ohnishi et al., 





























ȇé,>A Ca2+Ƈɐ/9?B++@ (Ĥ 3.6A)ï
.ǎș,˷D?ƺȱȳ
+ Ca2+Ƈɐ<6)F*+$! (Ĥ 3.6B)ǰ,Ca2+Ƈɐ˵łâŽ.Tbz˩ÌçE








Ĥ 3.1 AIY,Aɺ̉­) Ca2+.ďǈJ|\T 
(A) AIY ,ȱȥ!ɺ̉­_YArcLight (ɦŤ) >1 Ca2+_Y
R-GECO (y`b) .ÏγȘ̗Ɓ˳,>AʌÊȭÇ>1.ˬ-čDȭÇ 
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ɝɴ¯ (Ťsoma) >1ɀɟɉ˂ (ĉneurite) ,A Ca2+Ƈɐ (ˀ) )ɺ̉
­ĺñ (̤)(C) șßȔ (Ť) >1ï
ßȔ (ĉ) ,AŮĩ! Ca2+Ƈɐ 
(ˀ) >1 ɺ̉­Ƈɐ (̤)Ż/ǫȏʮŦE	?D (șßȔ: N = 20n = 16
ï
ßȔ: N = 10n = 15)(D) șßȔ (ʂ+) >1 ï
ßȔ (ʂ¢) ,
Aɺ̉­Ƈɐ.ľ (̤) ) Ca2+Ƈɐ.ľ (ˀ)ɡʢˮ/¥.)@
(	Aɺ̉­p = 0.38Ca2+p = 0.85 (ŔƇ.	A t-testșßȔ: N = 20n = 
16ï
ßȔ: N = 10n = 15)(E) Ca2+Ƈɐ)ɺ̉­Ƈɐ.ľ.ȶ˷qS
șßȔˀğʟï
ßȔ(.ƇɐEȾɡʢˮ/¥.˔@(	Aș
ßȔ: Pearsonȶ˷ºƻ = −0.19p = 0.48ï
ßȔ: Pearsonȶ˷ºƻ = −0.40
p = 0.14 (șßȔ: N = 20n = 16ï





Ĥ 3.2 AIY,ATbz˩Ìç) Ca2+.ďǈJ|\T 
(A) AIY,ȱȥ!Tbz˩_YiGluSnFR (ɦŤ) >1 Ca2+_Y
R-GECO (y`b) .ÏγȘ̗Ɓ˳,>AʌÊȭÇ>1.ˬ-čDȭ
Ç (ĉ)]Uo/ 10 µmA: âǀP: ŽǀL: ŤÅR: ĉÅ(B) Ůĩ
!ï
,ŔATbz˩Ìç (̋) >1 Ca2+Ƈɐ (ˀ)Ż/ǫȏʮŦE	
?D(C) Ůĩ!ï
ȇéâŽ (pre-addition >1 post-addition) .Tb
z˩Ƈɐ (Ť) >1ï
˽ÿâŽ (pre-removal>1 post-removal) .T
bz˩Ƈɐ (ĉ)ɡʢˮ/¥,Ⱦ)@(	AŤ: p = 0.00010ĉp = 



































































































Ĥ 3.3 Ca2+Ƈɐǈ.Tbz˩Ìç 
(A) £ʑȳ+Tbz˩Ìç (̋) >1 Ca2+Ƈɐ (ˀ)ĉ/Șɨ˦Ø.ƣľĤ
(	AŻ/ï
 (IAA) ßȔE	?D(B) Ƈɐ.Ø̘șßȔ (no odor)ï

âǑ (early odor) >1 ï




Ǒ(.Tbz˩ÌçE	?DMo/ǫȏʮŦE	?D (N = 15
șßȔ: n = 15ï
âǑ: n = 11ï
ŽǑ: n = 21)(D) Ca2+Ƈɐâ)Ƈɐ.T
bz˩ÌçƇɐâ (pre) / C.−3Ƀ?−2Ƀ.ŮĩÂE	?DƇɐ
 (onset) /−0.5Ƀ?+0.5Ƀ.ŮĩÂE	?Dɡʢˮ/¥.)@(	A
șßȔ: p = 0.010ï
âǑp = 0.0024ï
ŽǑ: p = 0.0037 (ŔƇ.	A t-test
N = 15șßȔ: n = 15ï
âǑ: n = 11ï
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șßȔ: Pearsonȶ˷ºƻ = 0.58p = 0.022ï
âǑ: Pearsonȶ˷ºƻ = 0.080
p = 0.81ï
ŽǑ: Pearsonȶ˷ºƻ = 0.069p = 0.77 (N = 15șßȔ: n = 15
ï
âǑ: n = 11ï
ŽǑ: n = 21)(F) Ca2+Ƈɐ	AĲč (ʂ¢) )+
Ĳč 
(ʂ+) .Tbz˩Ìç.ȉŘɡʢˮ/ǰ.)@(	AșßȔ: p = 
0.0062ï
ŽǑ: p = 0.037 (Welch. t-testN = 15șßȔCa2+Ƈɐ	@: n = 
15șßȔCa2+Ƈɐ+: n = 89ï
ŽǑCa2+Ƈɐ	@: n = 21ï
ŽǑ





Ĥ 3.4 Tbz˩ÌçȉŘǈ. Ca2+Ƈɐ 
(A) Tbz˩ÌçȉŘǈ. Ca2+Ƈɐˀ>1N\ɨ/B BșßȔ
>1ï
ŽǑ,AƇɐE	?DMo/ǫȏʮŦE	?D (N = 15
șßȔ: n = 43ï
ŽǑ: n = 61)(B) Tbz˩ÌçȉŘâ (preA.−3Ƀ
?−2Ƀ.ŮĩÂ) )Ƈɐ (onsetA.−0.5Ƀ?+0.5Ƀ.ŮĩÂ) . Ca2+Ƈ
ɐɡʢˮ/ǰ.)@(	AșßȔ: p = 0.014ï
ŽǑ: p = 0.014 (ŔƇ.	
A t-testN = 15șßȔ: n = 43ï
ŽǑ: n = 61*p < 0.05)(C) șßȔ (Ť) 
>1ï
ßȔ (ĉ) .,ATbz˩ȉŘǈ. Ca2+Ƈɐȗɨ/c
{ˢƠgb± ǫȏÃŦE	?D(D) Tbz˩ȉŘǈ (ʂ¢) >1
c{ˢƠgb (ʂ+) . Ca2+ķéɡʢˮ/¥.)@(	AșßȔ: p = 
0.045ï
ŽǑ: p = 0.0015 (Wilcoxon.̑­ėǤŉN = 15șßȔȉŘǈ: n = 
43șßȔc{: n = 100ï
ŽǑCa2+Ƈɐ	@: n = 61ï
ŽǑCa2+







































































































no odor later odor
pre onset pre onset
no odor later odor
decrease random decrease random
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Ĥ 3.5 GLC-3ąŏ¯ǯƲĺȯ¯,A Ca2+Ƈɐǈ.Tbz˩Ìç 
(A) Ůĩ!ï
,ŔATbz˩Ìç (̋) >1 Ca2+Ƈɐ (ˀ)Ż/ǫȏ
ʮŦE	?D  (N = 12)(B) Ůĩ!ï
ȇéâŽ  (pre-addition >1
post-addition) .Tbz˩Ƈɐ (Ť) >1ï
˽ÿâŽ (pre-removal>
1 post-removal) .Tbz˩Ƈɐ (ĉ)ɡʢˮ/¥,Ⱦ)@(	AŤ: 




ŽǑ(.Tbz˩ÌçE	?DMo/ǫȏʮŦE	?D (N = 
12șßȔ: n = 15ï
âǑ: n = 6ï
ŽǑ: n = 20)(D) Ca2+Ƈɐâ)Ƈɐ






















































































































































no odor later odor











odor addition odor removal
no odor early odor later odor






	AșßȔ: p = 0.0012ï
âǑp = 0.65ï
ŽǑ: p = 0.89 (ŔƇ.	A t-test
N = 12șßȔ: n = 15ï
âǑ: n = 6ï
ŽǑ: n = 20**p < 0.01)(E) Ca2+
Ƈɐ	AĲč (ʂ¢) )+
Ĳč (ʂ+) .Tbz˩Ìç.ȉŘɡʢˮ
/ǰ.)@(	AșßȔ: p = 0.0027ï
ŽǑ: p = 0.58 (Welch. t-testN = 
12șßȔCa2+Ƈɐ	@: n = 15șßȔCa2+Ƈɐ+: n = 114ï
ŽǑ
Ca2+Ƈɐ	@: n = 20ï





Ĥ 3.6 EAT-4ǯƲĺȯ¯,A Ca2+Ƈɐǈ.Tbz˩Ìç 
(A) Ůĩ!ï
,ŔATbz˩Ìç (̋) >1 Ca2+Ƈɐ (ˀ)Ż/ǫȏ
ʮŦE	?D  (N = 12)(B) Ůĩ!ï
ȇéâŽ  (pre-addition >1
post-addition) .Tbz˩Ƈɐ (Ť) >1ï
˽ÿâŽ (pre-removal>


































































































































































































no odor later odor






no odor early odor later odor





p = 0.41ĉp = 0.055 (ŔƇ.	A t-testN = 12)(C) ï
ȇéǈ. Ca2+Ƈɐ
ȣɡʢˮ/ǰ.)@(	AN2) glc-3.Ƕˌ: p = 0.13N2) eat-4.Ƕˌ: 
p = 0.014 (Fisher.ǱȽȽȣǤŉHolmʓǱN2: N = 15glc-3: N = 12eat-4: 
N = 12*p < 0.05)(D) șßȔ>1ï
ßȔ,A Ca2+Ƈɐ̕ųN2(
.șßȔ)ï
ßȔ.Ƕˌ: p = 0.0045glc-3(.șßȔ)ï
ßȔ.Ƕ
ˌ: p = 0.34eat-4(.șßȔ)ï
ßȔ.Ƕˌ: p = 0.34șßȔ(.N2
) glc-3.Ƕˌ: p = 0.024șßȔ(.N2) eat-4.Ƕˌ: p = 0.00044ï
ß
Ȕ(.N2) glc-3.Ƕˌ: p = 0.014ï
ßȔ(. N2) eat-4.Ƕˌ: p = 
0.000015 (Wilcoxon .ɍĊ̑­Ǥŉ>1 Wilcoxon .̑­ėǤŉHolm ʓǱ





?D (N = 12șßȔ: n = 9ï
âǑ: n = 3ï
ŽǑ: n = 9)(F) Ca2+Ƈɐâ
)Ƈɐ.Tbz˩ÌçƇɐâ (pre) / C.−3Ƀ?−2Ƀ.ŮĩÂE	
?DƇɐ (onset) /−0.5Ƀ?+0.5Ƀ.ŮĩÂE	?Dɡʢˮ/¥.
)@(	AșßȔ: p = 0.60ï
âǑp = 0.53ï
ŽǑ: p = 0.50 (ŔƇ.	
A t-testN = 12șßȔ: n = 9ï
âǑ: n = 3ï
ŽǑ: n = 9)(G) Ca2+Ƈɐ
	AĲč (ʂ¢) )+
Ĳč (ʂ+) .Tbz˩Ìç.ȉŘɡʢˮ/ǰ
.)@(	AșßȔ: p = 0.88ï
ŽǑ: p = 0.48 (Welch. t-testN = 12
șßȔCa2+Ƈɐ	@: n = 9șßȔCa2+Ƈɐ+: n = 108ï
ŽǑCa2+Ƈ
ɐ	@: n = 9ï





Ĥ 3.7 Ca2+Ƈɐ,ŔA levamisole.Ż̏ 
(A) levamisole.șȇé (̋) >1ȇé¿¯ (ˀ) .ï
,ŔAAIY.Ca2+Ƈɐ
ȗ.Ż/ IAAßȔEɨ.Ĕ@.Ż/ǫȏʮŦE	?D ()<,N = 10)(B) ș
ßȔ>1ï
ßȔ,A Ca2+Ƈɐ̕ųșßȔ: p = 0.75ï
ßȔ: p 
= 0.80 (Wilcoxon.̑­ėǤŉHolmʓǱ)<,N = 10)(C) ï
ȇéǈ. Ca2+



































































no odor later odor













AIY /Ƒʜɀɟɝɴ?Ʒ×BATbz˩ÌçEąĄ@ (White et al., 
1986; Chalasani et al., 2007; Serrano-Saiz et al., 2013)8!. Ca2+Ƈɐ/˕ų=ǀđ






























Ą$'@B?/Ca2+ƇɐEŷ˂ſA (Kuhara et al., 2011; Rabinowitch et al., 











ɝɴ̠ȕų. NaCl ßȔ,>$'ɀɟvtdiE ' Ca2+ƇɐEŷ˂BA 
(Leinwand and Chalasani, 2013)>$'ʕƻ.ƑʜÌç,>A¾̚<ƇɐƊEĺñ
AĈɵƊ	A 
8!glc-3 = eat-4 ĺȯ¯,
'Ca2+Ƈɐ̕ųȉŘ!GLC-3 /T
























Mo/ǫȏʮŦE	?D (N2: N = 15șßȔ: n = 15ï
âǑ: n = 11
ï
ŽǑn = 20glc-3: N = 12șßȔ: n = 15ï
âǑ: n = 6ï
ŽǑn = 
20eat-4: N = 12șßȔ: n = 9ï
âǑ: n = 3ï
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